Despite the lack of biochemical information, all available in silico metabolic models of Pseudomonas putida KT2440 consider NADP as the only cofactor accepted by the glucose-6-phosphate dehydrogenases. Because the Entner-Doudoroff pathway is the main glycolytic route in this bacterium, determining how much NADH and NADPH are produced in the reaction catalyzed by these enzymes is very important for the correct interpretation of metabolic flux distributions. To determine the actual cofactor preference of the glucose-6-phosphate dehydrogenase encoded by the zwf-1 gene (PputG6PDH-1), the major isoform during growth on glucose, we purified this protein and studied its kinetic properties. Based on simple kinetic principles, we estimated the in vivo relative production of NADH and NADPH during the oxidation of glucose-6-phosphate (G6P). Contrary to the general assumption, our calculations showed that the reaction catalyzed by PputG6PDH-1 yields around 1/3 mol of NADPH and 2/3 mol of NADH per mol of oxidized G6P. Additionally, we obtained data suggesting that the reaction catalyzed by the 6-phosphogluconate dehydrogenase is active during growth on glucose, and it also produces NADH. These results indicate that the stoichiometric matrix of in silico models of P. putida KT2440 must be corrected and highlight the importance of considering the physiological concentrations of the involved metabolites to estimate the actual proportion of NADH and NADPH produced by a dehydrogenase.
Introduction
Pseudomonas putida KT2440 is a promising bacterium for the biotechnological industry due to its metabolic flexibility [1] , low maintenance requirements [2] and low pathogenicity. However, further information about its enzymes is required to expand the basic knowledge of this organism and to improve its biotechnological applications.
In the particular case of the glucose-6-phosphate dehydrogenase (G6PDH, E.C. 1.1.1.49), the first step of the Entner-Doudoroff pathway (EDP), there are three alleles (zwf-1, zwf-2 and zwf-3) annotated as encoders for this enzyme in the genome of P. putida KT2440 [3] . While the protein encoded by zwf-1 (PputG6PDH-1) is regarded the major form during the growth on glucose [4, 5] , the biological roles of zwf-2 and zwf-3 remain unknown. Interestingly, all the published in silico models consider that NADP and NADPH are the only cofactors participating in the reaction catalyzed by the G6PDHs [6] [7] [8] [9] [10] . However, to the best of our knowledge, no kinetic studies of the G6PDHs from P. putida KT2440 are available so far.
Although in P. putida KT2440 glucose is converted into 6-phospho-gluconate by three different pathways, the combination of 13 C-labeling, gene deletions and gene expression experiments have shown that, during the growth on glucose as the sole carbon source, a flux of 3 to 6 mmol gDW À1 h À1 [2, 4] could pass through the reaction catalyzed by PputG6PDH-1. As a matter of comparison, in Escherichia coli K-12 MG1655, the flux through the G6PDH is only around 2 mmol gDW À1 h À1 [11] . Therefore, reliable data are necessary to assess how much NADH and/or NADPH is produced in this reaction, enabling a better interpretation of the metabolic fluxes distributions and the right calculation of the ATP maintenance cost. Moreover, the use of NAD and/or NADP by certain dehydrogenases had been associated with important Abbreviations: G6P, glucose-6-phosphate; G6PDH, glucose-6-phosphate dehydrogenase; PputG6PDH-1, glucose-6-phosphate dehydrogenase encoded by the gene zwf-1 from Pseudomonas putida KT2440; GND, 6-phospho-gluconate dehydrogenase; EDP, Entner-Doudoroff pathway traits of the metabolic networks [12, 13] , helping to understand the evolution and systemic properties of the metabolic pathways.
To obtain a quick insight into the properties of PputG6PDH-1, we measured the NAD and NADP dependent G6PDH activities in crude cellular extracts from P. putida KT2440. Because our results suggested that both NADH and NADPH are produced in vivo during the oxidation of glucose-6-phosphate (G6P), we cloned the gene encoding for PputG6PDH-1, we expressed that gene in E. coli, we purified the recombinant protein and we performed a kinetic characterization of that protein using both NAD and NADP as cofactors. Afterwards, we used the obtained kinetic parameters to quantify the amount of PputG6PDH-1 present in the crude cellular extracts, but our results suggested that at least another G6PDH might be also present in the extracts.
To quantify the relative production of NADH and NADPH due to the activity of PputG6PDH-1 in the physiological conditions, we employed a kinetic model based on simple assumptions. We finally discussed what could be the metabolic impact of the simultaneous generation of NADH and NADPH in the reaction catalyzed by PputG6PDH-1 and how this could help to understand some results obtained in previous studies.
Materials and methods

Strains and plasmids
Cells of P. putida KT2440 (NCBI Taxonomy ID: 160488) were kindly donated by Dr. Henry Valentin, from the Institute of Molecular Microbiology and Biotechnology, Westfälische WilhelmsUniversität, Münster, Germany. Amplification and sequencing of the chromosomal region encoding for the rRNA subunit 16S using the primers 5 0 -AGAGTTTGATCMTGGCTC-3 0 and 5 0 -CGGTGTGTA CAAGACC-3 0 confirmed the identity of the bacterium. E. coli MG1655 cells were obtained from the Yale E. coli Genetic Stock Center; while DH10B cells, BL21DE3 cells and plasmid pET28A were purchased from Invitrogen.
Specific activities in crude cellular extracts
Cells of P. putida KT2440 were aerobically grown in defined mineral medium, formulated as previously reported [14] , with glucose (5 g/L) as the sole carbon source, with vigorous agitation (200 rpm), at 30°C. In parallel, cells of E. coli MG1655 were grown in the same conditions but at 37°C. Samples of biomass from those bacteria were obtained during the exponential growth phase by centrifugation of the broth (5000Âg, 5 min, 4°C) and the cellular extracts were prepared as previously described [13] . To measure the specific activities was employed the buffer Tris 50 mM pH 8.0, MgCl 2 10 mM, NaCl 5 mM, glycerol 10% v/v, 2-mercaptoetanol 10 mM supplemented with the corresponding substrates. Activities were recorded monitoring the initial rate of formation of NAD(P)H following the changes in the absorbance at 340 nm at 30°C. To control the contribution of possible background reactions to the changes in the absorbance, we monitored the effect of adding crude extracts to reaction mixtures with all the components but G6P, 6-phospho-gluconate, NAD or NADP. The enzymatic activities were normalized using the total protein concentration in the respective cellular supernatants. The concentration of protein in the cellular extracts was estimated using the commercial reagent Bio-Rad Protein assay, with BSA as the protein standard.
Molecular biology
We purified genomic DNA from cells of P. putida KT2440 using the commercial kit DNeasy Blood & Tissue Kit (Qiagen). After the analysis of the annotated genome, primers were designed to amplify the amino acid encoding sequences of the zwf-1 gene (NCBI reference sequence NP_743183.1). On the other hand, using a high fidelity DNA polymerase we obtained, by PCR, copies of the zwf-1 gene flanked by sites for the restriction enzymes NdeI and BamHI. The sequences of the employed primers were:
The PCR products were cleaned, digested with NdeI and BamHI and ligated to molecules of pET28A previously digested with the same restriction enzymes. The ligation reaction was catalyzed by the T4 ligase (Thermo). The ligation products were introduced in E. coli cells strain DH10B by electroporation. The plasmids from three independent positive clones were purified. In those plasmids, the fragment of DNA encoding for the PputG6PDH-1 was sequenced. After confirmation of the integrity of the amino acid encoding sequence, the resulting plasmid (pET28A-Pputzwf-1) was introduced, by electroporation, in E. coli BL21-DE3 cells.
Protein purification
A purification protocol based on the presence of the polyhistidine tag in the N-term extreme of the molecules of PputG6PDH-1 was implemented following the procedure previously described [15] . Purity was checked by electrophoresis SDS-PAGE and staining with Coomassie blue. To rule out the possibility of co-purification of the G6PDH from the E. coli BL21-DE3 host cells, a sample of the purified enzyme was sent to our local protein identification facility, where mass spectrometry analyses were performed. No traces of other G6PDHs beyond the PputG6PDH-1 were detected.
To determine if the six-histidine tail affected the kinetic properties, we took 0.5 mg of the purified enzyme and we removed the tails by proteolysis with thrombin. After the proteolysis, the thrombin was separated from the PputG6PDH-1 using a procedure previously described [15] .
Enzyme kinetics
The glycerol used to preserve the purified enzyme was removed by dialysis against the buffer Tris 50 mM pH 8.0, MgCl 2 10 mM, NaCl 5 mM, glycerol 10% v/v, 2-mercapto-etanol 10 mM. Then, the enzyme was dissolved to the desired concentration. Prior to kinetic assays, the specific activity was checked to detect if significant inactivation happened during storage and/or handling. The kinetic assays were performed in the same buffer triggering the reactions with the addition of G6P. For the cofactor NADP, we explored concentrations from 15 lM to 900 lM, combined with concentrations of G6P from 300 lM to 9 mM. For the cofactor NAD, we explored concentrations from 200 lM to 10 mM, combined with concentrations of G6P from 300 lM to 15.23 mM. The minimal enzyme concentration that we could safely use during the assays was determined as described by Selwyn [16] .
The initial rates were determined at 30°C monitoring the NAD(P)H formation at 340 nm, in an UV-visible spectrophotometer Synergy H1 (Biotek, VE, USA), using non-binding flat-bottom 96-wells plates (model 655901, Greiner, Oberösterreich, Austria). The substrates were neutralized and titrated as described before [15] . NADPH was always freshly prepared and its concentration was directly quantified after neutralization. The molar extinction coefficient employed for quantification of the concentrations of NAD(P)H was 6220 M À1 cm
À1
, corresponding to k = 340 nm. Using a working volume of 300 ll, the path length was around 0.7 cm, which means that a change in absorbance of 0.001 represented a change in the concentration of NAD(P)H of 0.23 lM.
In addition to the initial rates measurements, we performed progress curves experiments. The G6P concentration (12 mM) was above 10-fold K MG6P and more than 50-fold greater than the concentration of the cofactor. The chosen concentration of G6P, temperature and pH of the buffer minimized the reverse reaction.
Statistical analysis
For the different sets of experiments, all the obtained data were globally adjusted to different models and discrimination analyses were automatically performed to choose the model that best explained the observations. These analyses were performed with the software DynaFit [17] . For all the results we reported the standard errors calculated by the software as a measure of dispersion. Data and scripts are available as Supplementary material.
Results and discussion
3.1. The specific activities registered in the cellular extracts point to a non-negligible use of NAD by PputG6PDH-1
Using cells from P. putida KT2440 grown in mineral medium with glucose as the sole carbon source, we prepared fresh crude cellular extracts. Using these cellular extracts, we measured the enzymatic G6PDH activity using different concentrations of NAD, NADP and G6P. The obtained results indicated that in P. putida KT2440 both NAD and NADP could be used as cofactor for the oxidation of G6P (Fig. 1) . These results contrasted with those previously obtained using cellular extracts from E. coli MG1655, where the G6PDH activities registered using NAD as cofactor were negligible [13] .
G6PDH activities using NAD as cofactor had been reported in P. putida CSV86 [18] . Moreover, in the other species of the genus Pseudomonas where G6PDHs had been kinetically characterized, these enzymes showed similar preferences for NAD and NADP [19] [20] [21] [22] . Nevertheless, all the so far published in silico metabolic models of P. putida consider the G6PDH reaction as an exclusive NADPH producing step, presumably because the lack of enzyme kinetics information.
As was previously mentioned, in P. putida KT2440 there are at least three genes potentially encoding for proteins with G6PDH activity. Therefore, the registered activities using crude extracts could be the result of the contribution of more than one kind of enzyme, likely with different properties. This could explain why the activities using NADP combined with different concentrations of G6P did not follow the same trend observed when NAD was used as cofactor (Fig. 1). 
PputG6PDH-1 catalyzes the oxidation of G6P using a rapidequilibrium random mechanism
To get the data necessary to estimate the actual production of NADH and NADPH by PputG6PDH-1, we purified and performed a kinetic study of this enzyme.
Because the his-tagged form of PputG6PDH-1 showed no significant differences respect to the non-tagged form of the same enzyme (data not shown), here we showed the results obtained with the his-tagged form of PputG6PDH-1.
The dependences of k cat and K M on the concentration of G6P were accessed through a global fitting of the data coming from initial rates experiments performed varying the concentration of the cofactor at different but fixed concentrations of G6P (Table 1) . The model discrimination indicated that the results could be best explained considering a random-mechanism, under the rapid-equilibrium assumption. The results also showed that PputG6PDH-1 has a specificity constants ratio (
close to the value of 9 registered for the G6PDH from Leuconostoc mesenteroides (regarded as an enzyme able to use both NAD and NADP [23] ) and it is very different from the value of 410 obtained for the NADP-preferring G6PDH from E. coli [15] . Therefore, PputG6PDH-1 should not be considered a NADP-specific enzyme, as it has been considered so far [6] [7] [8] [9] [10] .
To study the product inhibition, we set additional initial rates experiments including NADPH at different concentrations in the initial reaction mixtures. In one set of experiments, NADP was the varying substrate while the concentration of G6P was fixed and saturating (10 mM). The mixed-type inhibition was the model that best explained those observations (K MNADP = 16 ± 1.5 lM,
, K icNADPH = 35 ± 5 lM, K iu = 877 ± 120 lM). It is possible that NADPH interacts with some part of the enzyme different from the active site, but this interaction seems to be weak Fig. 1 . Specific G6PDH activities registered in a cellular crude extract from P. putida KT2440 grown in mineral medium with glucose as the sole carbon source, using NAD (A) or NADP (B) as cofactor. The different symbols express values obtained using different concentrations of the co-substrate G6P.
Table 1
Kinetic parameters obtained for PputG6PDH-1. The mechanism that best explained the behavior of the initial rates was, both for NADP and for NAD, the random-ordered under the rapid-equilibrium assumption.
Parameters
NADP NAD [24] . We believe that the disagreement between the expected and the observed patterns of inhibition could be explained considering that some kinetic steps do not follow the rapid-equilibrium mechanism. However, for the sake of simplicity, for further analyses we considered the values obtained considering only competitive inhibition (Table 2) , which are in good agreement with the values obtained without adding NADPH (Table 1) . On the other hand, to study the inhibition by NADH, we set up progress-curves experiments (Fig. 2) . In that case, NADH was not initially added to the reaction mixture but it was formed during the progress of the reaction. The model discrimination analysis showed that competitive inhibition was the mechanism that best explained the results (k cat = 254 ± 2 s À1 , K MNAD = 412 ± 8 lM, K icNADH = 480 ± 7 lM). To study the inhibition by NADH, we chose this approach as a way to avoid an optical artifact known as stray light, previously described as the cause of spurious inhibitory effects of NADH [25] .
We were unable to perform product inhibition experiments using 6-phosphogluconolactone, the other product of the reaction catalyzed by PputG6PDH-1. This compound is highly unstable in the conditions of the assays and it is not commercially available.
It is important to bear in mind that the differences among the kinetic parameters obtained assuming different possible kinetic mechanisms do not affect dramatically the rate of the reaction, as has been clearly demonstrated before [26] . However, the potential effects on the rate of other metabolites beyond the substrates and products need to be studied in the future.
PputG6PDH-1 is not the only form of G6PDH expressed during the growth on glucose
According with Northern blot analyses previously published, the proteins encoded by the genes zwf-2 and zwf-3 play minor roles in glucose metabolism [5] . Therefore, if PputG6PDH-1 is the predominant form of G6PDH expressed in P. putida KT2440 during the growth on glucose, with the obtained kinetic parameters and the initial velocities measured with crude cellular extracts, it would be possible to estimate the cytoplasmic concentration of the enzyme. To accomplish this, we rearranged the equation describing the initial rates for a bi-substrate random-ordered process under the rapid-equilibrium assumption
where A and B could be G6P or NAD(P), E is the enzyme concentration and v is the initial rate [24] .
However, the results obtained using the above-described approach gave estimates for E strongly biased in relation with the concentration of G6P and the kind of nucleotide employed in the reaction (Fig. 3) , which suggests that at least other G6PDH is contributing to the observed activities. Because the genes gnd and zwf-2 are in the same operon, the activity of 6-phosphogluconate dehydrogenase (GND) could indirectly indicate the expression of the protein encoded by zwf-2, annotated as another G6PDH. 13 C-labeling experiments had shown that the oxidative branch of the pentose-phosphate pathway is operative in P. putida KT2440 when glucose is the sole carbon source [2] , so we decided to measure the activity of GND in the crude cellular extracts ( Table 3 ). The registered GND activities together with the biased estimations of E (Fig. 3) support that zwf-2 could encode for another G6PDH that is active when P. putida KT2440 is growing on glucose. Interestingly, the GND activity registered using NAD was higher than the activity registered using NADP, contrary to the pattern observed in the crude extract from E. coli MG1655, indicating that the cofactor preferences of the GNDs from these bacteria are different. As a matter of fact, the activity of GND in P. putida KT2440 had been pointed as one of the possible causes of the high NAD(P)H generation capacity of this bacterium [2] . A future characterization will help to clarify the contribution of the flux through the reaction catalyzed by GND to the NADH and NADPH pools. 3.4. The dual-cofactor-preference of PputG6PDH-1 enables the production of 1/3 mol of NADPH and 2/3 mol of NADH per mol of oxidized G6P
Having the estimates for the most relevant kinetic parameters of the PputG6PDH-1, we used them to calculate the relative production of NADH and NADPH per mol of G6P oxidized in the reaction catalyzed by this enzyme. To accomplish this task, we adapted the kinetic model describing the initial rates when two or more purely competitive inhibitors are present in the reaction [24, 27] 
doing the following considerations: -S was the cofactor NAD or NADP -k cat and K S were the apparent k cat and K M :
-If NAD was the cofactor, we considered NADP, NADH and NADPH as competitive inhibitors. -If NADP was the cofactor, we considered NAD, NADH and NADPH as competitive inhibitors. -We did not considerate the inhibition caused by the 6-phosphogluconolactone. If the inhibition by this metabolite is eventually important, the effect should be similar for the reactions using NAD or NADP.
Overall, we obtained the following general expression, which can be applied for the reactions using NAD or NADP as substrate:
To evaluate the previous expression, the cytoplasmic concentrations of the involved substrates are needed. However, the published estimates of the concentration of NAD(P)(H) in P. putida KT2440 were obtained using whole-cell extraction methods [28] , which are hindered by the fact that they cannot distinguish the free NAD(P)(H) from the non-negligible fraction of these cofactors that is bound to other cellular components, mainly proteins. Nevertheless, it is still possible to obtain meaningful results using reasonable approximations, as is explained below.
It had been documented that the concentration ratio NAD/NADH must be between 50 and 100 to make possible the functioning of the EMP in the glycolytic direction [29, 30] , and that the concentration ratio NADP/NADPH must be between 0.8 and 1 [31, 32] . We also assumed that, in vivo, PputG6PDH-1 could be operating under saturating conditions for NAD and NADP, following the idea that many enzymes in vivo do so [33] . Thus we considered that the free cytoplasmic concentrations for these cofactors should be around 10 times the K MNAD and K MNADP respectively. Finally, we considered that the sums of the concentrations NAD + NADH and NADP + NADPH must be conserved, so an increment in one of the forms of the pair implied a diminution in the other form. Certainly, with this consideration we are assuming that the contribution of NAD and NADP from the biosynthetic pathways is exactly compensated with the metabolic degradation of these metabolites. This way, to calculate the values for the concentrations of NAD, NADH, NADP and NADPH satisfying the constraints mentioned above, we set up systems of simple algebraic equations.
To calculate the range of concentrations of NAD and NADH were used: The results were: NAD (from 1300 lM to 1313 lM), NADH (from 13.13 lM to 26 lM), NADP (from 140 lM to 154 lM) and NADPH (from 154 lM to 168 lM).
Although we had not reliable estimations of E, the ratio between the equations used to calculate the production of NADH and NADPH is independent of E because this term is cancelled during the calculation of the ratio. Therefore, it is possible to estimate the relative production of NADH and NADPH due to the activity of the PputG6PDH-1 without having E. Table 3 GND specific activities, using NAD or NADP as cofactors, registered in crude cellular extracts from E. coli MG1655 and P. putida KT2440 grown in mineral medium with glucose as the sole carbon source. 3 . Estimations of the enzyme concentration in the cellular crude extract from P. putida KT2440 using as input the data of the specific activities registered in this extract (Fig. 1) . The details of the calculations are explained in the text. Contrary to the expected result if only one kind of G6PDH is present in the cellular extract, the estimations were strongly biased in relation with the kind of cofactor and the concentration of G6P employed during the measuring of the specific activities, suggesting the presence of at least another kind of G6PDH.
Using a concentration of G6P = 1 mM [34] , the relative production of NADH over NADPH was around 2 (Fig. 4A) . That result showed that the in vivo rate of generation of NADH by PputG6PDH-1 is actually higher than its production of NADPH, which is contrary to the exclusive NADPH production considered in the so far published in silico models [6, 7, 35, 36] . In the unlikely case that the concentration of free NADP in the cells is much greater than that of NAD, then we will be making an overestimate of the NADH production; but if the concentration of free NADP is actually lower than our estimate, then we are making an overestimation of the NADPH production.
To validate the approach proposed here, we applied it to calculate the relative production of NADH and NADPH by the G6PDH from E. coli (EcG6PDH), which is widely accepted as a NADPpreferring dehydrogenase [13, 15, 37] . The results showed that in the case of EcG6PDH, the relative production of NADH over NADPH is 1000 times lower than the case of PputG6PDH-1 (Fig. 4B) . Therefore, the employed approach seems to be useful for the task of determine the relative production of NADH and NADPH by any dehydrogenase. However, it must be addressed that the results obtained with the method we are proposing should be treated with careful because the actual 'free' concentration of the involve metabolites could be hard to determine with accuracy. Although reliable estimations of the NAD/NADH and NADP/NADPH ratios based on thermodynamic considerations are available for eukaryotic microbes [29, 30, 38] , this is not the case for the individual nucleotides. The improvements in the methods to quantify the free concentrations of the individual nucleotides will certainly contribute to a more accurate quantification of the relative generation of NADH and NADPH in the reactions catalyzed by dual cofactor preferring dehydrogenases. While these individual estimations are not yet available, sensitivity analyses could help to evaluate the impact of the free nucleotides concentrations on the relative production.
3.5. The metabolic importance of the dual cofactor preference of PputG6PDH-1
It had been recently suggested that the loose cofactor preference of the G6PDHs from some species could be a cofactor balance mechanism to avoid the relative excess of NADPH when the enzyme phosphofructokinase is absent and all the glycolytic flux goes through the G6PDH [13] . As a matter of fact, P. putida KT2440 does not have phosphofructokinase; therefore, the presence of a dual cofactor preferring G6PDH is consistent with that hypothesis.
Our results points to a generation of a non-negligible amount of NADH coupled with the oxidation of G6P. As a ''rule of thumb", and always considering that we used assumed free metabolite concentrations to perform the calculations for the relative production of NADH and NADPH, we suggest the following stoichiometry to represent the oxidation of G6P catalyzed by PputG6PDH-1: The explicit consideration of the NADH generated in the reaction catalyzed by PputG6PDH-1 could be important to explain the remarkable robustness of the metabolism of P. putida KT2440 to increments in the demand of NADH and ATP [2] . The substitution of the native PputG6PDH-1 by an exclusive NADPH-producer homologous will help to test this hypothesis. On the other hand, our results could be also important for understanding the limitations to survive in anaerobic conditions observed in the mutant strain of P. putida KT2440 upon transformation with the genes encoding for acetate kinase, pyruvate decarboxylase and alcohol dehydrogenase [39] . In that case, the step catalyzed by the alcohol dehydrogenase can re-oxidize the NADH generated in the step catalyzed by the glyceraldehyde-3-phosphate dehydrogenase, but the NADH generated in the step catalyzed by PputG6PDH-1 must be re-oxidized by another enzyme to complete the oxidation of the generated NADH. The introduction of another enzyme(s) to re-oxidize this additional NADH should improve the anaerobic performance of this modified strain. Therefore, the results here presented could help in the design of metabolic engineering strategies based in the use of P. putida KT2440. Finally, the production of NADH in the reaction catalyzed by PputG6PDH-1 must be also considered to recalculate the ATP maintenance requirement according with the glucose consumption rates previously determined [2] .
